Purpose: Circulating tumor cells (CTC) in peripheral blood of patients potentially represent a fraction of solid tumor cells available for more frequent pharmacodynamic assessment of drug action than is possible using tumor biopsy. However, currently available CTC assays are limited to cell membrane antigens. Here, we describe an assay that directly examines changes in levels of the nuclear DNA damage marker γH2AX in individual CTCs of patients treated with chemotherapeutic agents.
In early drug development clinical studies, the ability to assess the effect of chemotherapeutic agents on tumor cells during the course of treatment can allow an immediate determination of drug effect on its putative target. The primary means of assessing anticancer drug efficacy is tumor shrinkage, which often requires multiple followup visits to observe an effect that may not be achievable at all doses tested in a phase I trial or in single-dose regimens ("phase 0" trials). Pharmacodynamic effect can also be determined through examination of biopsied tumor tissue (1) . However, biopsies in a clinical trial cannot be done frequently enough to describe the time course and peak of pharmacodynamic responses to the drug being tested. In addition, inclusion of frequent biopsies in a clinical trial can raise ethical concerns and limit patient recruitment (2) . Faster and less invasive methods for measuring patient tumor response during drug treatment and identification of biomarkers to monitor drug effect on-target can streamline the clinical trial process by allowing treatments to be monitored and tailored to the patient based on tumor cell response.
Circulating tumor cells (CTC) are found at low levels in the peripheral blood of patients with both metastatic and primary tumors. Presence of CTCs in the bloodstream is considered predictive of disease progression in breast cancer (3) (4) (5) (6) (7) . A multicenter study that monitored 430 patients with metastatic colorectal cancer also determined that the number of CTCs before and during treatment was an independent indicator of both progression-free and overall survival (8) . In addition to assaying total number of CTCs as an indicator of disease state, assessment of biomarkers in CTCs has also been used with the specific purpose of characterizing the tumor type better to provide more tailored cancer therapy (9) (10) (11) (12) .
There are several ways to detect CTCs. The CellSearch system (Veridex) is an automated cell isolation system that has been approved by the Food and Drug Administration for the enumeration of CTCs as a prognostic indicator in patients with breast, colon, and prostate cancers (13) (14) (15) . CTC isolation has also been used successfully to screen for tumor cell-surface biomarkers, such as HER2, insulin-like growth factor, and epidermal growth factor receptor, and to determine some genotypic and phenotypic traits of CTCs in patients (9, (16) (17) (18) (19) (20) (21) .
Phosphorylated H2AX (γH2AX) is a marker of DNA double-strand break (DSB) damage and has been proposed as an effective pharmacodynamic biomarker following treatment with topoisomerase I inhibitors, including topotecan (22) (23) (24) . Following DSB damage, the ataxia telangiectasia mutated protein kinase becomes activated and initiates a signal transduction pathway mobilizing DNA damage repair proteins; this cascade of events is required to maintain genome integrity (25) . Phosphorylation of H2AX at Ser 139 by ataxia telangiectasia mutated is one of the first steps in recruiting DNA repair complexes to the site of DSBs (26) . In cells treated with DNA-damaging agents, γH2AX foci appear in the nucleus within minutes in a dose-dependent manner, and γH2AX loss or dephosphorylation correlates time-wise with DNA repair (27) . With continuing exposure to biologically effective drug doses, DSBs increase with time until the entire nucleus appears γH2AX-positive and nuclear disintegration is observed (28) .
Ionizing and UV radiation and chemotherapeutic agents such as cyclophosphamide, temozolomide, topotecan, and camptothecin induce DNA damage, which can trigger H2AX phosphorylation and subsequent DNA repair (22, 23, (29) (30) (31) (32) . Chemotherapeutic agents such as topotecan and camptothecin derivatives bind to topoisomerase I, trapping a DNA-bound complex; the trapped topoisomerase I complex then generates DNA damage at replication forks and sites of transcription (33) . This damage is converted to a DSB and results in ataxia telangiectasia mutated activation and accumulation of γH2AX (34) . Several studies have concluded that induction of γH2AX foci can serve as a biomarker for DNA damage from cytotoxic agents (28, (35) (36) (37) (38) (39) .
Here, we present data showing the development of a novel method to monitor nuclear γH2AX levels in patient CTCs following chemotherapeutic treatment. This approach allows the monitoring of pharmacodynamic effects of anticancer therapies over the course of treatment via minimally invasive methods. The method measures drug response as percent γH2AX-positive CTCs from the same cells reported in the total CTC count.
Materials and Methods
Patient enrollment. Blood was drawn from patients at the Center for Cancer Research, National Cancer Institute, NIH. These patients were enrolled in phase I clinical trials of investigational agents and had a variety of advanced malignancies. All patients had disease refractory to multiple prior chemotherapy regimens. Blood samples for spiking were drawn from healthy donors at the National Cancer Institute-Frederick. All patients and healthy donors gave their informed consent for study inclusion and were enrolled on institutional review board-approved protocols.
Cell lines and media. The epithelial tumor cell lines MCF7 (human breast adenocarcinoma), PC-3 (human prostate adenocarcinoma), HT-29 (human colorectal adenocarcinoma), and SKOV-3 (human ovarian adenocarcinoma) were obtained from the American Type Culture Collection. Cell culture medium, EMEM or RPMI 1640 (American Type Culture Collection), was supplemented with 10% FCS (American Type Culture Collection) and gentamicin sulfate (Biowhittaker). Cells were counted using the Cellometer Automatic Cell Counter (Nexcelom Bioscience).
Flow cytometric analysis. Cells were incubated with 10 μg/mL anti-phospho-γH2AX (Ser 139 ; clone JBW301; Millipore) conjugated to Alexa Fluor 488 (γH2AX-AF488; Millipore) for 30 min at 4°C. Cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences). Data were acquired from 10,000 gated events, and staining was compared with the isotype control antibody (IgG; BD Biosciences).
Immunomagnetic enrichment and immunofluorescence analysis by the CellSearch system. The CellSearch CTC Epithelial kit (Veridex) and Control kit (lot no. A767; Veridex) were used per the manufacturer's protocol. Control samples, tumor cell line-spiked blood samples, and patient samples were processed in the CellTracks AutoPrep system (Veridex) and analyzed by the CellTracks Analyzer II (Veridex).
Blood collection. Blood from both healthy donors and patients was collected and processed according to the CellSearch manufacturer's instructions. Approximately 10 mL of whole blood were collected by venipuncture from each patient into a CellSave Preservative Tube
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(Veridex). Blood samples were maintained at room temperature for a maximum of 96 h before processing.
Cell line drug treatment, fixation, permeabilization, and spiking protocols. Topotecan (GlaxoSmithKline), temozolomide (Schering), or rapamycin (Wyeth) was added to cultured cell lines at 80% to 90% confluence and incubated for 2 h at 37°C in 5% CO 2 . Cell lines were fixed and permeabilized with the one-step BD Cytofix/Cytoperm Fixation/Permeabilization Solution kit (BD Biosciences). A 50 μL volume containing 600 ± 50 fixed and permeabilized cells was added to 7.5 mL whole blood from healthy donors and processed on the CellSearch system.
Online sample processing for CTC detection. After blood collection, 7.5 mL whole blood was used per patient, and all processing steps were done automatically by the CellTracks AutoPrep system, including plasma removal, cell resuspension, reagent addition, mixing, incubation, and aspiration steps. Blood samples were processed following the manufacturer's protocol.
Online γH2AX-AF488 or HER2-FITC antibody processing. For online staining of prefixed and permeabilized cell lines with γH2AX-AF488 or HER2-FITC (CellSearch HER2/neu Tumor Phenotyping Reagent; Veridex) antibodies, cells were processed using the online CTC detection protocol in the CellTracks AutoPrep system following the manufacturer's protocol. γH2AX-AF488 (10 μg/mL) or HER2-FITC (manufacturer's protocol) antibodies were added and processed simultaneously with the CK-PE and CD45-APC antibodies. Samples were then magnetically aligned in a cartridge within the MagNest cassette and transferred to the CellTracks Analyzer II for sample evaluation (19) .
Sample evaluation. Samples were analyzed by the CellTracks Analyzer II and captured images that contained objects fulfilling the predetermined criteria for epithelial cells [CK-PE positive; 4′,6-diamidino-2-phenylindole (DAPI) positive; CD45-APC negative] were exported to a gallery format. In addition, checkboxes adjacent to images in the gallery format indicate cells that meet these predetermined criteria. Images exported to the gallery were then examined independently by two operators to determine the final classification of cells.
CTC images were classified based on morphology (epithelial-like with a 4 μm minimum diameter) and immunohistochemical staining consistent with that of an epithelial cell. γH2AX-AF488 or HER2-FITC antibodylabeled CTCs were classified as γH2AX-positive CTCs or HER2-positive CTCs, respectively.
Precision and accuracy of control CTC recovery. Recovery experiments were conducted with the CellSearch CTC Control kit. Control samples used to mimic patient sample handling were processed according to the manufacturer's protocol to verify initial CTC recovery. Samples were then manually washed three times with the wash buffer from the CellSearch Epithelial Cell kit, still within the CellSearch-supplied cartridge inside the MagNest cassette. The washed CTCs were manually resuspended in 450 μL wash buffer and aligned magnetically within the MagNest cassette. The post-wash recovered CTCs were rescanned by the CellTracks Analyzer II to determine the final count of mock antibody-stained CTCs (post-wash count). The interday and intraday measurements were done by the same operator under the same conditions. The reproducibility of CTC analysis by different operators was measured on duplicate samples processed under similar conditions. Procedural control samples were processed following the manufacturer's protocol.
Precision and accuracy of γH2AX-positive CTC recovery. The following procedure was used to estimate the precision and accuracy of the detection of γH2AX-positive CTCs. Blood from healthy donors was collected into CellSave Preservative Tubes and dispensed into five aliquots of 7.5 mL. The PC-3 prostate tumor cell line was treated with 0, 0.01, 0.1, 1.0, and 10 μmol/L topotecan for 2 h at 37°C. A 50 μL volume containing 600 ± 50 topotecan-treated PC-3 cells was added to each tube of blood. The five tubes were then processed and analyzed by a single operator following the offline antibody staining protocol and run in the CellSearch system using the CTC control program to quantify the final γH2AX-positive CTC recovery. This entire procedure was repeated three times in the same day for the intraday variation or on three different days for the interday variation.
Offline antibody staining protocol of clinical samples. Because the online CellSearch system staining protocol is optimized for cell surface markers, staining of clinical samples for γH2AX was done offline following CTC enrichment. After online sample processing for CTC detection and sample evaluation to determine total number of CTCs, the isolated CTCs were fixed and permeabilized with the one-step BD Cytofix/Cytoperm Fixation/Permeabilization Solution kit (BD Biosciences). Cells were then incubated with 5 μg/mL γH2AX-AF488 for 20 min at room temperature. The antibody-labeled CTCs were then manually washed three times, still within the CellSearchsupplied cartridge inside the MagNest cassette, using the wash buffer from the CellSearch Epithelial Cell kit. The washed CTCs were manually resuspended in 450 μL wash buffer and aligned magnetically within the MagNest cassette. The γH2AX-labeled CTCs were rescanned by the CellTracks Analyzer II to determine the final number of γH2AX-positive CTCs.
γH2AX fluorescent microscopy. γH2AX image capture was conducted using Leica 5000 DM with a ×20 Plan Apo Ph2 (numerical aperture 0.75) objective and a Retiga 2000R monochrome CCD camera (QImaging). Individual nuclear foci cannot be shown by these methods due to the low magnification on the Veridex instrument (×20). Digital amplification will degrade image quality before the ×1,000 magnification needed to visualize foci is reached.
Images were acquired by pseudo-random selection. Manual exposure corrections were made based on the intensity of the DAPI signal for each field. Acquisition of γH2AX signal was normalized by adjusting camera exposure and excitation time such that the mean intensity of background autofluorescence was nulled out, and these exposure settings were used for all fields examined in the Fig. 1 . Induction of γH2AX can be detected in topotecan-treated tumor cell lines and whole blood samples spiked with treated tumor cell lines using the γH2AX-AF488 antibody. A, FACS analysis of untreated (left) or 1 μmol/L topotecan-treated (right) MCF7, HT-29, and SKOV-3 tumor cells. FACS traces of γH2AX-AF488 (blue) and isotype control (black). Histogram presented for quantified FACS data from a representative experiment; data from three independent experiments were collected. B, photomicrographs of control and 1 μmol/L topotecan-treated MCF7 cells stained with γH2AX-AF488 (green) and DAPI (blue). Magnification, ×200. C, MCF7 or PC-3 cells were treated with 1 μmol/L topotecan for 2 h, spiked into whole blood from healthy donors, and stained using antibodies against CK-PE, CD45-APC, γH2AX-AF488, and DAPI. Checkboxes adjacent to images: a checked box next to the composite image (CK-PE/DAPI) indicates a CTC, a checked box next to the CD45-APC image indicates the presence of a contaminating leukocyte, and a checked box next to an image for γH2AX-AF488 staining indicates a γH2AX-positive cell. Statistical analysis of percent γH2AX-positive CTCs per total CTCs recovered. The observed number of γH2AX-positive cells isolated from the total population of purified CTCs in each patient was measured. The two-sided 95% confidence intervals for the observed percentage positive were calculated using the exact binomial method (40) . These confidence intervals may be calculated irrespective of the imprecision in the count data and irrespective of the varying CTC recovery rates for varying numbers of observed CTCs per aliquot, assuming that such imprecision and variability is independent of γH2AX positivity. The upper and lower 95% confidence interval bounds also correspond to 97.5% one-sided upper and lower confidence bounds, respectively. Statistical analysis. Mean, SD, and coefficient of variation (CV; %) were determined using Microsoft Excel software.
Results

Detection of γH2AX in single CTCs
Flow cytometry and fluorescence microscopy were used to verify the feasibility of using γH2AX-AF488 for detection of γH2AX-positive cells following drug treatment. MCF7, HT-29, and SKOV-3 cells treated for 2 h with a therapeutically relevant concentration of topotecan (1 μmol/L) were analyzed for γH2AX-AF488 signal. Only 1% to 4% of untreated cells were γH2AX positive by fluorescence-activated cell sorting (FACS) analysis, whereas topotecan treatment increased the number of γH2AX-positive cells in all three tumor cell lines (MCF7, 31.4%; HT-29, 44.3%; and SKOV-3, 19.6%; Fig. 1A ). In addition, fluorescence microscopy of topotecan-treated MCF7 cells revealed an increased number of γH2AX-positive cells compared with controls (Fig. 1B) . Because neither flow cytometry nor fluorescence microscopy can be directly used to distinguish CTCs in whole blood samples, we explored whether the CellSearch system could be used in conjunction with γH2AX-AF488 antibody staining to identify γH2AX-positive CTCs from whole blood samples spiked with topotecan-treated cancer cell lines of epithelial origin. PC-3 and MCF7 cells were treated for 2 h with 1 μmol/L topotecan. Cells were then fixed, permeabilized, spiked into whole blood from healthy donors, and processed using the CTC detection and online γH2AX antibody staining protocols in the CellSearch system (unless otherwise noted, all spiked samples were processed in this manner). Individual γH2AX-positive cells were isolated and identified by the instrument from both MCF7-spiked and PC-3-spiked samples (Fig. 1C) . These findings show that use of the CellSearch system combined with antibody staining using γH2AX-AF488 can directly detect topotecan-induced γH2AX signal in isolated CTCs.
Characterization of γH2AX signal in CTCs
Cellular localization of the γH2AX-AF488 signals from CellSearch-processed, topotecan-treated cells were compared with the plasma membrane marker HER2. MCF7 and SKOV-3 cells were treated with 1 μmol/L topotecan for 2 h and spiked into whole blood from healthy donors. SKOV-3-spiked samples were processed online with anti-HER2-FITC, and MCF7 samples were processed with anti-γH2AX-AF488 ( Fig. 2A and B, respectively) . As expected, HER2 signal was localized to the cell surface, Fig. 3 . Real-time detection of chemotherapy-induced time-course changes in γH2AX: correlation between total number of CTCs (A) and percent γH2AX-positive CTCs (B). Data presented for five patients on three different chemotherapeutic regimens (Table 3) . For patient 4, 10 representative pretreatment (C) and 10 post-treatment (D) CTC images captured with the CellTracks Analyzer II are presented (i-x). Patient blood samples enriched for CTCs were stained using antibodies for CK-PE, CD45-APC, DAPI, and γH2AX-AF488. Checkboxes adjacent to images: a checked box next to the composite image (CK-PE/DAPI) indicates a CTC, a checked box next to the CD45-APC images indicates the presence of a contaminating leukocyte, and a checked box next to an image for γH2AX-AF488 staining indicates a γH2AX-positive cell.
whereas γH2AX signal was solely in the nucleus and colocalized with DAPI staining. FITC channel background levels were also determined in topotecan-treated MCF7 cells. MCF7 cells were treated with 0.1, 1.0, 10, and 100 μmol/L topotecan for 2 h, spiked into whole blood, and processed with the CTC detection protocol in the absence of additional antibody. No signal was observed in the FITC channel from spiked MCF7 cells treated with any dose of topotecan, indicating neither topotecan nor the typical CTC staining process of CellSearch system affects the FITC channel signal background (Fig. 2C) . These data indicate that processing of isolated CTCs with the CellSearch system and the γH2AX-AF488 antibody yields nuclear-specific γH2AX signal.
We next investigated whether topotecan induced γH2AX signal in a dose-dependent manner. MCF7 or PC-3 cells were treated with 0.01 to 10 μmol/L topotecan for 2 h, spiked into whole blood from healthy donors, and processed using the CellSearch system. In both cell lines, γH2AX signal increased in a dose-dependent manner (Fig. 2D) . To verify that in our system the γH2AX signal observed from topotecan treatment was specific for DNA damage, we treated cells with two different chemotherapeutic agents. Temozolomide, a traditional DNA-damaging chemotherapeutic agent, and rapamycin, an antitumor proliferation drug that does not induce DNA damage, were assessed for their ability to induce H2AX phosphorylation in CTCs. PC-3 cells were treated with temozolomide (0.5, 1, 2, and 4 mmol/L) or rapamycin (0.01, 0.1, 1, and 10 μmol/L) for 2 h, spiked into whole blood from healthy donors, and stained for γH2AX-AF488. As expected, temozolomide, but not rapamycin, induced γH2AX accumulation in the isolated PC-3 tumor cells in a dose-dependent manner (Fig. 2D) . Similar results were obtained from blood samples drawn from a patient with prostate cancer before and after 5 days of treatment with 2.2 mg/d topotecan. The representative images are shown in Fig. 3C and D (details described in Increased γH2AX-Positive CTCs following Treatment in Patient Samples). These findings confirm the specificity of the nuclear γH2AX signal detected in isolated CTCs.
Minimal assay variation in detection of CTCs and γH2AX-positive CTCs
We determined the accuracy and precision of detection of γH2AX signal in individual CTCs, including CTC recovery and reproducibility of analysis of γH2AX signal (Supplementary Material). Assay validation included CTC recovery studies using the CellSearch CTC Control kit and specific γH2AX assay variation studies with topotecan-treated tumor cell lines that were fixed, permeabilized, and spiked into whole blood samples from healthy donors.
Spike recovery experiments, incorporating the γH2AX immunofluorescence staining steps, yielded a recovery of 84% (average of six determinations; Supplementary Material). The lower recovery was not statistically significant but did show a consistently lower number of cells than the expected range, suggesting some cell loss in processing. However, the mean estimated recovery was Table 1 . Dose dependence and intraday and interday variation in γH2AX-positive CTCs purified from healthy donor blood samples spiked with topotecan-treated PC-3 cells Abbreviation: ND, not determined. *Intraday variation of γH2AX signal from isolated CTCs represents the average of three independent samples processed by the same operator. † Interday variation of γH2AX signal from isolated CTCs represents the average of three independent samples processed on three separate days by the same operator.
the same as reported by Allard et al. for recoveries in the same range of spiked cell numbers (19) . Intraday, interday, and interoperator variation in CTC recovery. The CellSearch CTC Control kit containing two populations of a fixed breast cancer cell line at high and low densities was used for the recovery studies. High-density control samples ranged from 673 to 1,403 cells (mean, 1,038), and low-density control samples ranged from 16 to 74 cells (mean, 45). The control samples were first processed using the online CTC detection protocol with the CellSearch system to isolate control CTCs and obtain a total isolated CTC count. To simulate the offline process of γH2AX-AF488 staining that will be used to process patient samples, the isolated control CTCs were manually washed three times in the supplied cartridge inserted within the MagNest cassette. Cells were then resuspended, magnetically aligned within the MagNest cassette, and rescanned by the CellTracks Analyzer II to determine the post-wash recovery CTC count. Intraday and interday measurements were done by the same operator under the same conditions. For the low-density control, the CV was 6.8% for intraday and 22.7% for interday processed samples (Supplementary Table S1 ). High-density controls had a CV of 13.4% for intraday processed samples and 9.4% for samples processed on separate days. These results established intraday and interday assay consistency following offline processing and recovery of mock antibodystained CTCs.
Using the CellSearch CTC Control kit, the reproducibility of CTC analysis performed by different operators was also examined. Duplicate control samples were processed independently by two different operators; interoperator variability was 10.7% for the low-density control and 3.0% for the high-density control, indicating minimal operator variability in sample processing (Supplementary  Table S1 ; Operator 1 and Operator 2).
Intraday and interday variation in γH2AX-positive cell recovery. For evaluation of intraday assay variations on more clinically relevant samples and in the context of γH2AX induction, PC-3 cells were treated with 0.01, 0.1, 1.0, and 10 μmol/L topotecan for 2 h, spiked into whole blood, processed in the CellSearch system, and stained with anti-γH2AX-AF488 using the offline protocol. A dose-dependent γH2AX response to topotecan treatment was observed, and at all topotecan concentrations, an equivalent ratio of γH2AX-positive CTCs was recovered (CV <10%; Table 1 ). The interday variability for topotecan-treated cells (0.1-10 μmol/L) was also assessed by performing the same assay on consecutive days; again, minimal variability in recovered γH2AX-positive CTCs was observed (CV <10%; Table 1 ). Although γH2AX interday variability for cells treated with 0.01 μmol/L topotecan was high (CV, 38.4%), the variation is likely due to a difference in the effects of low-dose topotecan treatment on different passage numbers of cells.
Increased γH2AX-positive CTCs following treatment in patient samples
Using the validated assay method, whole blood samples were drawn from 15 patients with a variety of advanced malignancies enrolled in phase I clinical trials and baseline CTC values were determined. All patients had advanced refractory disease, and at first restaging (after two cycles of treatment), disease had progressed in all patients. Baseline CTC counts ranged from 0 to 84 cells per patient sample with 0% to 31% γH2AX-positive CTCs in untreated patients with stage IV cancers (Table 2) . Interday variation in CTC counts of patients at baseline was also examined to determine if intrapatient variability might influence total CTC counts. CTCs were collected from eight patients in two to four blood draws over a 1-to 60-day time span from the initial blood draw. Interday variation in CTC recovery within patients was <20% ( Supplementary  Fig. S1 ).
The drug-induced time-course changes in both total number of CTCs and the percent of CTCs expressing γH2AX were monitored to explore the correlation between total CTC count and γH2AX in patient CTCs during treatment. Figure 3 and Table 3 show the data from five patients on three different chemotherapeutic regimens: topotecan alone, a combination of an investigational inhibitor of poly(ADP-ribose) polymerase (PARP) and topotecan, or a combination of PARP inhibitor and cyclophosphamide. Increased numbers of γH2AX-positive cells were identified in all post-treatment samples during cycle 1 (Fig. 3B) , whereas the change in the number of CTCs post-treatment varied from patient to patient ( Fig. 3A; Table 3 ). All patients had progressive disease at the first restaging (after two cycles). One patient with stage IV neuroendocrine prostate cancer who underwent topotecan treatment (patient 4, Table 3 ) had some symptomatic improvement after the first cycle, but there was no evidence of tumor response by computed tomography scan. The patient received intravenous topotecan (1.2 mg/m 2 /d) for 5 days in cycle 1. The percentage of γH2AX-positive CTCs increased during cycle 1 (7% pre-dose, 22% on day 2, and 58% on day 5), and by the fifth day, the number of isolated CTCs was decreasing ( Fig. 3; Table 3 ). During cycle 2 (topotecan dose reduced to 1.0 mg/m 2 /d for 5 days due to thrombocytopenia), the number of isolated CTCs increased during treatment (11 cells on day 1, 66 cells on day 2, and 119 cells on day 5); however, the percentage of γH2AX-positive cells remained high (40% on day 1, 33% on day 2, and 26% on day 5). These findings indicate that changes in γH2AX in CTCs, compared with simple CTC counts alone, may be used as a sensitive biomarker for monitoring the pharmacodynamic effects of DNA-damaging chemotherapeutic agents. Abbreviations: C, cycle; D, day. *Patient number corresponds to the same patients referenced in Table 2 . All patients had advanced refractory disease. No significant clinical responses were observed. † Two-sided 95% confidence intervals for the observed percentage γH2AX-positive CTCs were calculated using the exact binomial method. ‡ Patient 4 had some clinical (symptomatic) improvement after cycle 1, but there was no objective evidence of tumor response. § The Poisson confidence limits range from 0 to 3.7 for a count of 0 total CTC and from 0 to 5.6 for a count of 1 total CTC.
Discussion
In this study, we present a new methodology for using γH2AX as a biomarker to measure drug effects on CTCs from patients during treatment with DNA-damaging agents. γH2AX is a well-established nuclear biomarker for DSB damage (22) (23) (24) . Currently available CTC assay systems are limited to cell membrane antigens, such as HER2, MUC1, and epidermal growth factor receptor. In addition, currently used methods for detection of DNA damage in patient samples, including γH2AX immunofluorescence, alkaline comet assay, immunohistochemistry, and FACS analysis, can be laborand time-intensive and have limited applicability in the clinic to monitor tumor response to chemotherapeutic agents. For instance, although FACS analysis of γH2AX is more sensitive than the alkaline comet assay (41, 42) , it does not distinguish CTCs from normal blood cells, and the analytic sensitivity is too low to detect CTCs even if it could distinguish them; therefore, γH2AX response to drug treatment could be established only in nontumor cells (e.g., peripheral blood mononuclear cells). Compared with other approaches, the combination of CTC enrichment with nuclear γH2AX detection is not only a unique and advanced technique but also feasible for incorporation into clinical trials of molecularly targeted oncology drugs.
Validation studies, including CTC recovery, assay accuracy, and assay precision, show that this is a reproducible, reliable, and quantitative method (Supplementary Material). As with previous studies (19, 20) , minimal variation in detection of CTCs from duplicate samples is observed. In addition, assay variation in detection of γH2AX-positive CTCs induced with therapeutically relevant concentrations of topotecan was <10%.
Studies employing cancer cell lines treated with increasing doses of topotecan and then spiked into whole blood showed that the fraction of γH2AX-positive cells increased in a dose-dependent manner, and treatment of cancer cell lines with rapamycin showed the specificity of the γH2AX response for DNA damage. In addition, our validation studies determined that there was an expected high variation and low γH2AX-positive cell recovery when initial CTC recovery was low but minimal day-to-day variation in CTC recovery (<20%) when CTC counts were >10 cells per sample. For those patients with low to no CTCs, it may be necessary to find alternate capture antibodies for evaluation.
Using this validated assay, we performed a population baselining study to assess the range of CTC counts in our patients and the day-to-day variability in CTC counts in single patients. Initial CTC counts were determined for 15 patients with a variety of cancer types; 73% (11 of 15) of the patients had measureable CTCs in their blood before treatment. We also determined that following CTC enrichment with the CellSearch system, staining with the γH2AX-AF488 antibody yielded a clear nuclear signal and that the fraction of γH2AX-positive CTCs was low and consistent in patients not undergoing radiation treatment or chemotherapy.
We then evaluated patients on various chemotherapy regimens and found that the fraction of γH2AX-positive CTCs increased in patients treated with topotecan alone, a combination of topotecan and a PARP inhibitor, or a combination of cyclophosphamide and PARP inhibitor. Increased numbers of γH2AX-positive cells can be measured irrespective of increases or decreases in the total number of recovered CTCs. The change in the number of CTCs induced by drug treatment varied from patient to patient and may be dependent on individual short-term drug response. In the case of patients with high baseline CTC counts, CTC counts decreased following treatment. However, for patients with zero or low baseline CTCs, CTC counts increased post-treatment. In this second group of patients, it appears that CTCs were shed from the tumor in response to therapy. If this interpretation is correct, the γH2AX response detected in CTCs was not likely due to CTCs already in the peripheral blood being exposed to the drug but instead directly reflected the drug-induced DNA damage in cells in the tumor.
Meng et al. estimated CTC half-life by flow cytometry using specimens from five breast cancer patients presurgery and perisurgery (43) . All five patients had declining numbers of CTCs postsurgery, with 6 of 10 aggregated data points falling into the background noise level of the instrument within the first 24 h. Their conclusion of a CTC half-life measured in hours is neither supported nor contradicted by our data, because the majority of patients in our study had increased CTC numbers post-chemotherapy. However, if their conclusion is correct, the half-life estimate would strengthen our argument that γH2AX-positive CTCs collected 24 h after a single administration of drug are recently shed from the tumor and reflect a pharmacodynamic response of the tumor. It should be noted that the patients in our study all have active disease (with distant metastases) that has failed numerous rounds of therapy. Thus, our current data are limited to patients in phase I trials, which may not be a fair representation of the overall patient population in oncology. It is possible that patients with disease that has not responded to multiple lines of therapy have CTCs with different cell surface markers. We are exploring whether markers other than EpCam will isolate more CTCs from patient blood samples at the National Cancer Institute. It remains to be established, however, whether the fraction of γH2AX-positive CTCs is representative of the positive fraction in the tumor, and this will be investigated in upcoming clinical trials. In addition, the half-life of CTCs in peripheral blood is not known and needs to be determined once a suitable method has been developed. Based on our current data, several additional questions and limitations need to be considered. First, the current assay is limited to chemotherapeutic agents that induce a DNA damage response through the ataxia telangiectasia mutated/γH2AX pathway; however, alternate nuclear biomarkers can be used to expand this approach (11, 12, 16) . Second, while the number of isolated CTCs is currently used as a prognostic indicator for disease outcome in patients with breast and colon cancer, the utility of monitoring changes in the number of γH2AX-positive CTCs during treatment and the types of cancers this technology can be reliably employed to monitor are yet to be determined and will require broader testing. Finally, it is unknown whether γH2AX in CTCs will correlate with clinical efficacy (tumor shrinkage). To address these last points, this assay is currently being incorporated as a correlative study in early-phase clinical trials at the National Cancer Institute, and drug effect on disease progression will be correlated to γH2AX-positive CTCs.
In conclusion, γH2AX is a sensitive biomarker for monitoring the pharmacodynamic effects of topotecan alone, a combination of topotecan and PARP inhibitor, or a combination of PARP inhibitor and cyclophosphamide in isolated CTCs. This method only requires patient blood samples, allowing the possibility of monitoring drug effect throughout treatment. This method has obvious advantages over invasive tumor biopsies, as well as tumor imaging, which often requires a significant span of time between images to detect effects from treatment. In combination with CTC counts, monitoring of γH2AX signal can lead to enhanced monitoring of chemotherapeutic effects in the clinic. In ongoing clinical trials within the National Cancer Institute, we are testing whether assaying γH2AX levels in CTCs provides a more sensitive marker for assessing pharmacodynamic effects in patients than total CTC counts alone. Another potential application of this method is to determine the half-life of CTCs after shedding from the tumor; such measurements could have both theoretical and diagnostic significance. Finally, the strategy employed for our method can be adapted for additional nuclear biomarkers in CTCs. We hope this will become a useful tool to evaluate pharmacodynamic effects in clinical trials of novel DNA-damaging agents.
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